Abstract. Precision gas mixing pumps produce CO2 gas mixtur es for the calibration of infra-red CO2 gas analyzers equivalent in accuracy to the standard CO, gas mixtures (± 1 %) supplied by the National Bureau of Standards, Washington, D. C.
Since it is frequently necessary to measure a small change in CO, concentration, the IRGA is often calibrated to detect a small CO2 differential, with a reference base considerably above zero. To do this the reference and measuring cells of the IRGA are flushed using 2 calibration gases with CO2 concentrations at or near the limits of the desired differential. In such a case the standard error of the differential will be a function of the mean error of each calibration gas. i.e., Differential -A-B ±4 Va2 + b2 where A and B are the mean CO2 contents of the gases and a and b their respective mean standard errors. The maximum error potential will be the sum of the errors of each calibration gas (11) . Since the use of 2 calibration gases increases the error of the differential, some workers (1, 5, 7) have used a single calibration gas and increased the pressure in the measuring cell to achieve an increase in the CO., concentration (14) and thus a CO2 differential. However, as Legg and Parkinson (11) (Fig. 1 ) and the gas mixture from this pump was further diluted with dry CO2-free air in the second pump. By using 4 pumps in series 2 gas streams containing 360 ppm CO2 and 270 ppm CO, respectively were generated. To zero the IRGA, the 270 ppm CO2 gas mixture flowed through a pressure regulator, drier (magnesium perchlorate) and flow meter (Manostat Corporation, New York, New York 10013, Type 36-541-13) to both cells of the analyzer. After setting zero, the 360 ppm CO. gas mixture was passed through the measuring cell of the IRGA and the IRGA gain and recorder span adjusted so that 1 ppm CO2 elicited a response of 1 % full scale on a Sargent potentiometric recorder (Model DSRG).
The IRGA was also calibrated using nitrogen instead of CO,-free air as the carrier gas and in addition, calibration gases were generated using several different mixing ratios in the pumps to ascertain the possible error due to gear ratios (table I) . Each measurement was replicated 3 times and the results were statistically analyzed using analysis of variance.
Immediately after each of these instrument calibrations, the 360 ppm CO2 gas mixture was replaced by the prime 'standard (308 + 3 ppm CO,) obtained from the National Bureau of Standards, Washington, D.C. (12) . 1 Each mixture was produced using CO,-free air or nitrogen as carrier gas and in every case the CO2 concentration at the outlet of pump 3 was 360 ppm CO2 and at the outlet of pump 4, 270 ppm CO2. (See Fig. 1 ). 2 Standard error calculated from analysis of variance as ± 0.7 ppm (n = 3) from S. E. of treatment mean -\/'EMS X l where EMS = Error mean square and n = nunmber of replications.
n Two further calibrations of the IRGA were performed with CO-free air or nitrogen in the reference cell and gas mixtures (from the precision gas mixing pumps) of known CO2 content in the measuring cell. This calibration curve was then checked with the prinme standard from NBS.
To 'pressure' calibrate, the IRGA was first calibrated using gas-mixtures from the pumps for a differential range of 210 to 330 ppm CO2. A gas stream from a commercial tank containing 212 ppm CO2 in air (CO2 content determined by an IRGA that was calibrated with the precision mixing pumps) was then passed through both cells of the analyzer. The exit port of the measuring cell was connected to a manometer with a T-joint and by restricting the flow to the atmosphere the gas pressure in this cell was increased. The theoretical increase in CO2 content was calculated (14) and compared to the observed response.
Results
The response of the IRGA to increasing CO2 concentration over a differential range of 210 to 310 ppm CO, was linear ( Fig. 2A) and an identical response curve was obtained for the range 270 to 370 ppm CO2. This calibration response of the IRGA with either nitrogen or C02-free air as the carrier gas was used to "determine" the CO2 content of the NBS standard and the results were statistically analyzed. The CO2 content of the NBS standard was found to be 306.6 ± 0.7 ppm (S.E., n-18) which is within the 308 ± 3 ppm COO (P0.o0) specified (12 (table I) . This difference may be due to a difference in collision broadening due to the oxygen in CO--free air (4, 13). It should be emphasized that in every instance using CO.-free air as the carrier, the variations encountered did not exceed the prescribed limits of the NBS standard (12) .
The calibration response of the IRGA with either nitrogen or CO-free air in the referen.ce cell was not linear (Fig. 2B ) but again the concentration of the NBS standard agreed with the calibration curve.
With the IRGA calibrated (gas mixtures from the precision pumps) for a 100 ppm CO2 differential in the appropriate range, the CO, content of several commercial cylinders was determined (table 11) . These cylinders were supplied with analyses and, as can be seen (table II) , they all contained a hligher CO2 concentration than specified.
Suppliers' specifications for gas components of le^s than 1 % of the total mixture are usually -+ 5 %. While few of the differences (B-A, table II) exceed these specifications, the gas mix- The results of the 'pressure' calibration of the IRGA are shown in Fig. 3 . The observed response, although linear as expected ( Fig. 2A) exceeded the theoretical response by a factor of 1.41.
Discussion
Although the accuracy of calibration of the IRGA is only one factor of many that influence the determination of absolute rates of CO2 exchange in plants, it can become a highly significant factor when very small CO, differentials are being measured. If the calibration accuracy of infra-red CO2 gas analyzers are to be intercompared it is essential that a gas mixture of high precision be utilized.
While precision CO2 mixtures had previously been produced (10), Hughes and Dorko (8, 9) have recently described the preparation and rapid mass spectrometric analysis of CO2 mixtures. These latter precision CO, calibration standards are available from the National Bureau of Standards (12) .
Precision gas mixing pumps can deliver many different gas mixtures (6) to a specified accuracy of less than 0.1 % (15 
